Abstract Anaerobic degradation processes are faced with limitations with respect to reaction energetics and reaction kinetics. The small amount of energy available in methanogenic degradation of complex organic compounds allows in most cases only the conservation of minimum amounts of energy in the lowest range of energy exploitable by biochemical reactions for ATP-synthesis. This limit has to be defined in the range of 1/3-1/4 of an ATP unit, or 15-20 kJ per mol reaction. Such small amounts of energy are exploited efficiently by syntrophic microbial communities co-operating e.g. in fatty acid conversion to methane and CO 2 . Methanogens also set the stage for efficient conversion of sugars or amino acids, and channel electron fluxes to the utmost efficiency. Kinetic limitations are set by the inertness of certain compounds, e.g. hydrocarbons, to react in the absence of a strong oxidant. New reactions have been found recently which activate such compounds, e.g. aromatic hydrocarbons such as toluene, xylenes, naphthalene, methane, or ammonia. Refined techniques for analysis of microbial activities in ill defined natural environments such as digestive tracts of small invertebrates or polluted aquifers have shown an amazing capacity for anaerobic or oxygen-limited degradation processes that are still to be exploited. Thus, anaerobic digestion is still a matter of fast increasing knowledge, both on the side of basic research as well as on the side of application in treatment of soil, waste materials, or in understanding complex living communities.
Introduction
Anaerobic digestion has centred in the past mainly around the application of anaerobic degradation processes in more or less homogeneously mixed reactors for degradation of waste material or toxic compounds. In the 1970s and 80s, anaerobic digestion proved to be a promising alternative to the established aerobic treatment, e.g. in activated sludge systems. The known disadvantage of anaerobic versus aerobic bacteria, i.e. their slow growth and the corresponding problem of long detention times, have been overcome by advanced reactor concepts, e.g. fixed-bed and fluidised-bed reactors or the UASB technology, and today anaerobic techniques are applicable in many cases equivalent to aerobic ones, but are superior to those by low energy input and the recovery of a valuable by-product, i.e. methane.
The overview given here will provide glances at some highlights of new developments in the study of microbial degradation, with respect to its limitations concerning reaction energetics and kinetics, but also with a view into so far little explored environments in which anaerobic digestion may play a major role although this has not yet been documented in detail due to intrinsic difficulties associated with such assessments.
Energetical limitations
Lower limits of energy metabolism. All living cells including anaerobes have to synthesise ATP as the general currency of energy for housekeeping and growth. Synthesis of ATP requires energy that has to be derived either from photochemical reactions (with phototrophic organisms) or from chemical reactions, most often redox reactions. ATP is synthesised either by substrate level phosphorylation which most often is accomplished by transfer of the phosphoryl group from an energy-rich precursor to ADP to form ATP, or by the action of a membrane-bound ATPase enzyme which requires for ATP-synthesis a proton or sodium ion flow across the membrane to cover the energy needs of this reaction. ATP-synthesis under physiological conditions requires +49 kJ per mol (Thauer et al., 1977) . Since certain amounts of energy are always lost as heat, e.g. in irreversible reaction steps, on average one has to calculate 60-70 kJ needed for synthesis of 1 ATP from ADP and P i (Schink, 1991; Schink, 1997) . The stoichiometry of the latter type of reaction is not entirely clear yet. For several years, it was assumed that 3 protons have to cross the membrane for synthesis of 1 ATP; recent insight into the structure and function of ATPases from various organisms suggests that stoichiometries of 4 protons or even 5 protons per ATP synthesised may also be possible (Stock et al., 1999; Dimroth, 2000) . If one considers the energy required for translocation of a single charged ion (proton or sodium ion) across the membrane the smallest unit of energy that is required for synthesis of an ATP fraction in general, the lowermost limit of an energy increment needed to run a microbial metabolism would be in the range of 1/3 or 1/4 ATP, respectively, corresponding to a minimum amount of energy in the range of -15 to -20 kJ per mol reaction.
Syntrophic fermentations. Actually, the amount of energy available to the partner organisms in, e.g. the methanogenic conversion of fatty acids to methane and CO 2 , leaves energy amounts in this range per partner organism and partial reaction. The details of energy distribution in such syntrophic microbial communities have been worked out in the past with a few examples, and have been summarised in a review article (Schink, 1997) . Syntrophic degradation of butyrate, propionate, or branched-chain fatty acids proceeds under conditions which just leave the partner organism this minimum amount of energy, and this may explain why they only grow slowly, running all their biosynthetic reactions on the basis of the energy supplied by these minimal increments of energy. For comparison, an aerobic bacterium has about 100 times more energy available, e.g. during aerobic oxidation of a sugar molecule! Syntrophic degradation of ethanol and of benzoate leaves slightly more energy for the partner organisms (-35 to -40 kJ per mol reaction) and the details of energy yielding steps in their metabolism are not yet entirely clear. Benzoate-degrading fermenting bacteria activate their substrate by the same expensive reaction used also by nitrate-reducing bacteria, e.g. a benzoyl-CoA synthase requiring two ATP equivalents for synthesis (Schöcke and Schink, 1999; Elsahed et al., 2001) . Although they can recover part of this energy by coupling pyrophosphate hydrolysis to the translocation of protons across the membrane (Schöcke and Schink, 1998 ) the overall energy budget is very tight for these organisms, and we do not yet understand how the energetical problem of destabilisation of the aromatic π-electron system can be solved without expending as much energy into this reaction as nitrate-reducing bacteria do (Heider and Fuchs, 1997; Schöcke and Schink, 1999; Elsahed et al., 2001) .
Oxidation of methane with sulfate in the absence of oxygen is, of course, not a process of industrial interest, but it represents a challenge to both reaction energetics and kinetics. The small amount of energy available (-18 kJ per mol reaction) could supply only one organism with the minimum amount of energy to allow ATP-synthesis. Earlier concepts (Zehnder and Brook, 1979; Hoehler et al., 1994; Schink, 1997) assumed that this reaction is catalyzed by methanogenic archaeobacteria operating in reverse, in cooperation with a sulfate-reducing bacterium which can reoxidize the electron carrier system between both, be it hydrogen, formate, methanol, acetate or a mixture of them all. This concept has been confirmed basically by the discovery of structured mixed colonies of methanogen-like archaeobacteria and sulfate-reducing bacteria in the methane-oxidising, sulfate-reducing layers above submarine methane hydrate reservoirs (Boetius et al., 2000) . Here, the situation is energetically slightly more favourable than in most other marine sediments where B. Schink sulfate-dependent methane oxidation has been observed in the past. Methane is available at very high pressure, shifting the overall energetics in situ towards ∆G' close to -30 kJ per mol reaction. This may allow this process to provide energy for both partners in the system. Nonetheless, it would not yet explain how sulfate-dependent methanogenesis occurs in other places in ocean shelf sediments where the physicochemical conditions for this process are less favourable.
Hexose fermentation. Fermentation of sugars and other complex substrates, e.g. amino acids, to methane and CO 2 proceeds optimally if the fermentation leads exclusively to methanogenic substrates, i.e. acetate, 1-carbon compounds, and hydrogen, avoiding other reduced fermentation intermediates. Nonetheless, such a type of fermentation of a sugar molecule has never been described in pure culture although the reaction is exergonic:
Bacteria degrading a hexose through the glycolytic pathway exclusively to acetate plus CO 2 would gain 4 ATP per mol hexose by substrate level phosphorylation steps. Obviously, this amount of ATP could not be covered by the free energy change of this reaction, and this might explain why such a fermentation has never been observed in pure culture. The situation becomes slightly better at enhanced temperature; at 70°C, the total free energy change ∆G′ would be -260 kJ per mol reaction and could allow synthesis of 4 ATP (with -65 kJ per mol ATP). Reports on a fermentation pattern of hexose to only acetate, CO 2 and hydrogen always concerned moderately thermophilic bacteria. In our lab, these reaction stoichiometries could never be quantitatively reproduced. Either the substrate turnover was incomplete and ceased already before about half of the supplied substrate was consumed, or a high background of yeast extract in the medium prevented a reliable product analysis. Thus, it remains open whether such a fermentation pattern can lead to stoichiometric formation of 4 ATP per hexose at temperatures higher than 70°C. Mesophilic fermenting bacteria carry out such a fermentation only in the presence of e.g. hydrogenscavenging partner organisms which maintain a low hydrogen partial pressure to allow for sufficient free energy for four ATP per hexose (∆G′ = -280 kJ/mol reaction at 10 -3 atm hydrogen).
Kinetic limitations
Aromatic hydrocarbons. Less than 20 years ago it was a generally accepted dogma that hydrocarbons, except for comparably reactive ones such as acetylene, could not be degraded in the absence of molecular oxygen. In the meantime, numerous pure cultures have been described which grow with toluene as substrate, and with either nitrate or sulfate as electron acceptor. It soon turned out that benzoyl-CoA was an intermediate in anaerobic toluene degradation, suggesting that toluene was attacked by oxidation of the methyl group. This reaction has recently been elucidated. Toluene is activated by addition of the methyl carbon to the carbon-2 of fumarate, thus forming benzyl succinate as the first identifiable product (Heider et al., 1999) . The reaction proceeds through a radical mechanism, and the enzyme contains a glycyl residue where the radical is centred. Benzoyl succinate is subsequently activated to benzyl succinyl-CoA which, after thiolytic cleavage, releases succinyl-CoA and benzoyl-CoA. This pathway appears to be used by sulfate-reducing, nitrate-reducing, and also phototrophic bacteria oxidizing toluene. Whether xylenes also are activated by a similar mechanism has not yet been answered convincingly. The strategies appear to be different for the various xylene isomers. Also, condensed aromatic hydrocarbons such as naphthalene and anthracene were recently reported to be degraded by anaerobic bacteria, especially by sulfate-reducing cultures. Evidence from labelling experiments with enrichment cultures suggests that naphthalene is activated by carboxylation at carbon atom 2, to form a 2-naphthoic acid derivative. The further degradation includes reduction steps to destabilise the mesomerystabilised aromatic ring system. There is no conclusive evidence yet whether primarily the proximal or the distal ring is reduced; many isomeric, partially reduced derivatives have been detected in such cultures under conditions of electron acceptor limitation, down to decaline carboxylic acid (Zhang and Young, 1997; Morasch et al., 2001) . Thus, the further pathway is still obscure, but the recent isolation of a pure culture (Galushko et al., 1999) may be an important prerequisite to a complete elucidation of this pathway. Although anaerobic degradation of phenanthrene has been mentioned (Zhang and Young, 1997) so far no information exists on the degradation pathway. Anaerobic degradation of benzene still remains an open problem with respect to the primary activation step. There is no doubt that benzene can also be degraded in the absence of oxygen, as incubation experiments with radio-labelled benzene have documented (Lovley et al., 1995) . However, the organisms involved have so far escaped cultivation, and benzene degradation in enrichment cultures is ill reproducible. Activation by carboxylation also appears to be plausible, but is extremely difficult with this extraordinarily stable aromatic compound.
Aliphatic hydrocarbons. Aliphatic hydrocarbons are also degraded by sulfate-reducing or nitrate-reducing bacteria, however, the process is always very slow. Recent evidence suggests that these hydrocarbons are also activated by addition to a fumarate molecule, either with the terminal or subterminal carbon atom, to form alkyl succinate as the reaction product (So and Young, 1999; Rabus et al., 2001) . Thus, this new type of radicalic addition to an unsaturated bond appears to be a widespread strategy for activation of comparably inert substrates.
A special case is the recently reported anaerobic degradation of methane by a sulfatereducing winery mixed culture (Boetius et al., 2000) . The evidence available today suggests that the mixed culture consists of a methanogenic archaeobacterium operating in reverse, and a sulfate reducer. The fact that the primary attack on the methane molecule appears to be mediated by a methanogen suggests, in accordance with earlier studies with radio-labelled methane, that the methanogen itself activates methane which is normally its reaction product by a backwards operation of the methane release reaction (Zehnder and Brook, 1979) . Although the methane formation reaction has so far been described as an irreversible step (Ermler et al., 1997) this concept may have to be reconsidered to allow a reversal of the methane release, perhaps by the same enzyme system. From this point of view, the first reaction product would be a methyl nickel complex, and the methyl group would subsequently be oxidised through common pathways. Thus, sulfate-dependent methane oxidation poses problems not only with respect to its energetics but also with the kinetic problem of activating an extremely inert substrate.
Variations among anaerobic degradation strategies. In most cases mentioned here, the aromatic compounds discussed were degraded by strategies that were identically used by various different types of anaerobic bacteria, including nitrate-reducing, sulfate-reducing, fermenting, or phototrophic bacteria. The general strategy for destabilisation of an aromatic compound in the absence of oxygen is that of a reductive alleviation of the stable mesomeric aromatic state (Schink et al., 2000) , contrary to the strategy of aerobic aromatic degradation which always starts by an oxidative delocalisation of the π-electron system. Recently, evidence has accumulated that different types of anaerobes might sometimes B. Schink apply different strategies for degradation of aromatics. Nitrate-reducing bacteria degrading benzoate destabilise benzoyl-CoA by import of two single electrons to form a cyclohexadiene derivative (Boll et al., 1997) . There is evidence that phototrophic (Harwood et al., 1999) , fermenting (Schöcke and Schink, 1999) and also sulfate-reducing bacteria (Schöcke and Schink, unpublished) may directly form a further-reduced product, either a cyclohexene or even a cyclohexane derivative. Formation of a cyclohexene product is energetically more favourable and allows better energy conservation for syntrophically fermenting bacteria that are typically extremely short in their energy supply (see above). On the other hand, we observed recently that resorcinol (1,3-dihydroxybenzene) can also undergo different degradation pathways. Whereas fermenting bacteria degrade resorcinol via reduction to a cyclohexadione derivative and subsequent hydrolytic ring cleavage nitratereducing bacteria follow the opposite strategy, namely, hydroxylation of resorcinol to hydroxyhydroquinone (Philipp and Schink, 1998) . Whether this oxidative strategy of primary attack on certain phenolic compounds is more common among nitrate reducers with different substrates remains still to be tested. This oxidative strategy is easy for a nitrate reducer which can release the electrons obtained in such oxygen-independent hydroxylation reactions, whereas sulfate reducers or fermenting bacteria would have difficulties releasing these electrons, due to their comparably high redox potentials.
Anaerobic ammonia oxidation. An entirely new type of reaction of major interest also in waste water treatment has been discovered by G. Kuenen and his colleagues in Delft in recent years. They observed that in some digestors fed with ammonia-rich waste waters ammonia was consumed not only by the well known oxygen-dependent reactions but also by an anaerobic process, utilising nitrate as electron acceptor, according to 5 NH 4 + + 3 NO 3 -→ 4 N 2 + 2 H + + 9 H 2 O ∆G′ = -1483.8 kJ/mol reaction Although this reaction is highly exergonic it has for a long time not been considered to be possible because ammonia appeared to be nearly as inert as methane, and accessible to oxidation only by a monooxygenase reaction. Nonetheless, comproportionation of ammonia with nitrous acid, according to
is a well known reaction described in textbooks of inorganic chemistry. The biochemical process carried out by a new type of bacterium appears to use a different pathway, by which ammonia is condensed with hydroxylamine to form hydrazine which is further oxidised via diimine to N 2 . The electrons released in these steps are used to reduce nitrate to hydroxylamine, and thus recycle the co-substrate for the primary condensation reaction ( Van de Graaf et al., 1997) . This anaerobic ammonia oxidation holds great promise for efficient nitrogen removal in waste water plants which receive excessively high ammonia loads.
Limits of anaerobic degradation. With more and more substrates found to be biodegradable in the absence of molecular oxygen the list of substrates not accessible by anaerobic degradation is shrinking. Only highly condensed aromatic substrates, i.e. phenanthrene, naphthacene and higher homologues, and condensed polymers of plant origin such as lignin derivatives, lignite and coal resist anaerobic degradation so far, or degradation occurs at rates too slow to be noticed. Needless to say, not every anaerobic degradation process has to be applied in technical reactor systems; sometimes the degradation rate is too low or the process as such is not necessarily desirable to be applied in a technical system. Nonetheless,
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such processes may still be of major importance for application, e.g. to slow and inexpensive bioremediation of a polluted soil compartment.
Reactor types and applications
The term digestion reminds one of digestive tracts of animals which employ anaerobic bacteria for efficient exploitation of food constituents that the host with its enzymes could not digest without the help of symbiotic intestinal microbiota. Such cooperations are found preferentially in herbivorous animals, and especially the ruminants have developed an extremely refined symbiotic association with their rumen microbiota for degradation of celluloses and hemicelluloses of the plant material they feed on. Also human beings carry more than 10 times as many bacterial cells with them as they have body cells, but the interrelationship between the human host and his microbiota inside is by far less well understood than that of the ruminants or certain rodents. In all cases, the host organism provides an oxygen-free environment in which strict anaerobes can grow and supply the host with fatty acids, vitamins, or other specific nutrients. Smaller animals depend on intestinal microbial symbionts as well, but anoxia in their digestive system has to be maintained by a comparably high activity of aerobic oxygen consumption which competes with the host for electron sources (Brune et al., 2000) . Especially small invertebrates such as termites have to live on a delicate line of co-operation and competition with their intestinal guests. Anaerobic degradation occurs also in huge environments that are not entirely oxygenfree but where the oxygen supply is limited and hard to control. This is true for anoxic polluted aquifers which are characterized by little oxygen access and a freight of pollutants that is sufficient to consume not only the available oxygen but also reduce other electron acceptors present, especially Fe(III) oxides and sulfate, and may even give rise to methane formation. Such groundwater pollutions originating from former industrial sites or from oil leaks etc. are an area of major concern in applied biotechnology, a market handling billions of dollars in most industrialised countries. In some cases, it is unavoidable to speed up the degradation process, either by excavation and separate treatment, or by pump-and-treat strategies on site which employ mostly microbial degradative activities for removal of the contaminants. Nonetheless, quite often it is advisable, and by far the least expensive solution, to leave a contaminated site more or less untouched, provided that drinking water sources are not endangered, and let the microbial community present do its job. However, this strategy can only be applied if it is ensured that microbial activities are present and that sufficient degradation can be expected in a reasonable amount of time. For a quantitative assessment of microbial degradation in polluted site, a possible shift in the stable isotope composition of the contaminants can be quanitified as a measure of microbial degradation. Although isotope discrimination is a well known phenomenon among all biochemically catalysed reactions this assay method can be applied only after the extent of discrimination during degradation of pollutants and their influence by the reaction conditions have been analysed (Meckenstock et al., 1999) . For example, it was shown recently that toluene degradation by all types of anaerobic bacteria, e.g. nitrate-reducing, sulfate-reducing or iron-reducing bacteria, always occurs with the same degree of isotope discrimination, because they all apply the same primary substrate activation reaction, i.e., addition to fumarate (see above). Aerobic toluene degradation, on the other hand, exhibits rather different degrees of carbon isotope discrimination, depending on the type of primary attack, i.e. primary ring oxidation or methyl group oxidation (Morasch et al., unpublished) . These techniques can now be applied for a quantitative assessment of microbial biodegradation activities, especially in ill defined reactor systems such as aquifers where common techniques of process balancing fail.
Through the last five years, the metabolic capacity of anaerobic bacteria to degrade old or new synthetic compounds has increased again, and the biochemical strategies used to cope with inert compounds and minimal energy supplies have added more flowers to an already colourful bouquet. Anaerobic microbial degradation is still an exciting field to understand the limits and principles the key biochemical processes, and this alone justifies the efforts invested in such studies through the recent years. Moreover, a reliable assessment of the capacities, strategies and limitations of anaerobic degradation sets the stage for the design of successful reactor systems and bioremediation concepts that promise new grounds and ideas with every discovery made.
